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SUMMARY 

S i m p l i f i e d  p r e d i c t i v e  methods and models ( " t h e o r y " )  t o  e v a l u a t e  f i b e r /  
po l ymer -ma t r i x  compos i te  m a t e r i a l  for d e t e r m i n i n g  s t r u c t u r a l  d u r a b i l i t y  and 
damage t o l e r a n c e  a r e  p r e s e n t e d  and d e s c r i b e d .  T h i s  " t h e o r y "  i n c l u d e s  equa- 
t i o n s  f o r  ( 1 )  f a t i g u e  and f r a c t u r e  of compos i tes  w i t h o u t  and w i t h  d e f e c t s ,  
( 2 )  impac t  r e s i s t a n c e  and r e s i d u a l  s t r e n g t h  a f t e r  impac t ,  ( 3 )  t h e r m a l  f a t i g u e ,  

a p p l i c a t i o n s  o f  t h e  " t h e o r y "  and t o  i d e n t i f y  s i g n i f i c a n t  pa ramete rs  and s e n s i -  
t i v i t i e s .  Comparisons w i t h  l i m i t e d  e x p e r i m e n t a l  d a t a  a r e  made. 

2 and ( 4 )  combined s t r e s s  f a t i g u e .  Severa l  examples a r e  i n c l u d e d  t o  i l l u s t r a t e  
L: 

INTRODUCTION 

A m a j o r  and c o n t i n u i n g  concern  i n  t h e  f i b e r - c o m p o s i t e s  community has been 
t h e  a c c u r a t e  p r e d i c t i o n  (even a good a p p r o x i m a t i o n )  of t h e  s t r u c t u r a l  d u r a b i  1- 
i t y  and damage t o l e r a n c e  o f  f i b e r  compos i te  s t r u c t u r e s  i n  s e r v i c e  e n v i r o n -  
ments.  Hygrothermomechanica l  s e r v i c e  env i ronmen ts  a r e  of  m a j o r  conce rn ;  t h a t  
i s ,  t empera tu re ,  m o i s t u r e ,  mechan ica l  l o a d s  ( s t a t i c ,  c y c l i c ,  and i m p a c t ) ,  and 
v a r i o u s  comb ina t ions  o f  these  env i ronmen ts .  I n  response t o  t h i s  concern ,  a 
r e c e n t  r e s e a r c h  e f f o r t  a t  t h e  NASA Lewis  Research Cen te r  was d i r e c t e d  towards  
t h e  development  o f  t h e  methodo logy  r e q u i r e d  to  p r e d i c t  t h e  l i f e  a n d / o r  dura-  
b i l i t y  and damage t o l e r a n c e  o f  compos i te  s t r u c t u r a l  components i n  aerospace 
p r o p u l s i o n  env i ronmen ts .  T h i s  paper  d e s c r i b e s  t h a t  p a r t  o f  t h e  r e s e a r c h  
e f f o r t  wh ich  i s  t o  deve lop  s i m p l i f i e d  and approx ima te  p r e d i c t i v e  methods and 
models  f o r  d e t e r m i n i n g  t h e  s t r u c t u r a l  d u r a b i l i t y  and damage t o l e r a n c e  o f  f i b e r  
compos i te  s t r u c t u r a l  components s u b j e c t e d  t o  hygro thermomechan ica l  aerospace 
env i ronmen ts .  

These s i m p l i f i e d  p r e d i c t i v e  methods and models ( " t h e o r y " )  have e v o l v e d  
o v e r  t h e  y e a r s  by i n v e s t i g a t i n g  a b r o a d  range of compos i te  b e h a v i o r .  These 
models a r e  o f  g e n e r i c ,  i s o p a r a m e t r i c  form f o r  a l l  c o n t r i b u t i n g  v a r i a b l e s  
( m o i s t u r e ,  t h e r m a l ,  s t r e s s ,  and f a t i g u e  c y c l e s ) .  The models a r e  a p p l i c a b l e  
t o  s t r u c t u r a l  components w i t h  and w i t h o u t  d e f e c t s .  The d e f e c t s  can be t h o s e  
r e s u l t i n g  from f a b r i c a t i o n ,  induced damage ( i m p a c t ) ,  or  i n a d v e r t e n t  damage. 
The models a r e  based on  compos i te  mic romechan ics  and p l y - s t r e s s  i n f l u e n c e  
c o e f f i c i e n t s ,  t h e r e b y  r e n d e r i n g  them g e n e r i c  and a p p l i c a b l e  t o  a l l  t y p e s  o f  
f i b e r / p o l y m e r - m a t r i x  compos i tes  i n c l u d i n g  i n t r a -  and i n t e r p l y  h y b r i d s .  

The mathemat ica l  form o f  t h e  models and t h e  s i g n i f i c a n c e  o f  t h e  t e r m s  i n  
t h e  e q u a t i o n s  a r e  d e s c r i b e d  i n  d e t a i l .  Use of t h e  models f o r  v a r i o u s  a p p l i c a -  
t i o n s  i s  i l l u s t r a t e d  by s e l e c t  examples. These examples i n c l u d e  t h e  f o l l o w i n g  
( i n  p a r t ) :  

( 1 )  F a t i g u e  and f r a c t u r e  o f  smooth and no tched  l a m i n a t e s  
( 2 )  Impac t  r e s i s t a n c e  



( 3 )  Res idua l  s t r e n g t h  a f t e r  impac t  
( 4 )  Res idua l  s t r e s s e s  
( 5 )  F a t i g u e  and f r a c t u r e  a f t e r  t he rma l  c y c l i n g  
(6) Crack  development  a f t e r  t he rma l  c y c l i n g  
( 7 )  Thermal and mechan ica l  l o a d  c y c l e s  t o  m i c r o c r a c k  f o r m a t i o n  

P r e d i c t e d  r e s u l t s  a r e  compared w i t h  a v a i l a b l e  e x p e r i m e n t a l  d a t a  and d i s c u s s e d  
w i t h  r e s p e c t  t o  t h e i r  s i g n i f i c a n c e  and a p p l i c a t i o n  t o  d e s i g n .  

FUNDAMENTAL CONSIDERATIONS 

Severa l  fundamenta l  a s p e c t s  u n d e r l i e  t h e  development  o f  t h e  s i m p l i f i e d  
p r e d i c t i v e  methods i n c l u d e d  i n  t h i s  paper .  
f i c a t i o n s  a r e  as follows: 

These aspec ts  and r e s p e c t i v e  j u s t i -  

1 .  

2 .  

3. 

4 .  

5.  

6. 

Ho les ,  s l i t s ,  and i m p a c t  damage ( d e f e c t s )  i nduce  s i m i l a r  s t r e n g t h  
d e g r a d a t i o n  i n  f i b e r - c o m p o s i t e  l a m i n a t e s  where t h e  c h a r a c t e r i s t i c  
d imens ions  o f  these  d e f e c t s  a r e  n e g l i g i b l e  compared t o  t h e  p l a n f o r m  
d imens ions  o f  t h e  l a m i n a t e .  I f  t h i s  i s  n o t  t h e  case, t h e  e f f e c t s  o f  
t h e  d e f e c t s  must be e v a l u a t e d  u s i n g  a p p r o p r i a t e  s t r u c t u r a l  a n a l y s e s .  
Exper imen ta l  d a t a  f o r  h o l e s  and s l i t s  a r e  shown i n  f i g u r e  1 ( r e f .  l ) , 
f i g u r e  2 ( r e f .  21,  and i n  t a b l e  I ( r e f .  2 ) .  I t  i s  w o r t h  n o t i n g  i n  
t a b l e  I t h a t  t h e  f a i l u r e  modes a r e  a l m o s t  i d e n t i c a l  f o r  t h e  smooth (un- 
no tched)  and d e f e c t e d  (no tched)  l a m i n a t e s .  

F a t i g u e  degrades a l l  p l y  s t r e n g t h s  a t  a p p r o x i m a t e l y  t h e  same r a t e .  
E x p e r i m e n t a l  d a t a  f o r  l o n g i t u d i n a l  compress ion ,  t r a n s v e r s e  compress ion ,  
and i n t e r l a m i n a r  shear  [z45Is  f a t i g u e  i s  shown i n  f i g u r e  3 ( r e f .  3 ) .  
A d d i t i o n a l  r e l e v a n t  d a t a  a r e  i n c l u d e d  i n  r e f e r e n c e  4. 

A l l  t y p e s  o f  f a t i g u e  degrade l a m i n a t e  s t r e n g t h  l i n e a r l y  on  a s e m i l o g  
p l o t  i n c l u d i n g :  ( a )  mechan ica l  ( t e n s i o n ,  compress ion ,  shear ,  and bend- 
i n g ) ;  ( b )  t he rma l  ( e l e v a t e d  and c r y o g e n i c  t e m p e r a t u r e ) ;  ( c )  h y g r a l  
( m o i s t u r e ) ;  and ( d )  comb ina t ions  (mechan ica l ,  t h e r m a l ,  h y g r a l ,  and 
r e v e r s e - t e n s i o n  compress ion ) .  Exper imen ta l  d a t a  f o r  compress ion  
f a t i g u e  i s  shown i n  f i g u r e  4 ( r e f .  1 ) .  

Laminates  g e n e r a l l y  e x h i b i t  l i n e a r  b e h a v i o r  t o  i n i t i a l  damage under 
u n i a x i a l  or combined l o a d i n g  i n c l u d i n g  hyg ro the rma l  e f f e c t s .  

A l l  p l y  s t r e s s e s  (mechan ica l ,  t h e r m a l ,  and h y g r a l )  a r e  p r e d i c t a b l e  by  
u s i n g  l i n e a r  l a m i n a t e  t h e o r y .  

S t r e s s  c o n c e n t r a t i o n  f a c t o r s  f o r  c i r c u l a r  h o l e s  a r e  a v a i l a b l e .  They 
can be o b t a i n e d  from t h e  l i t e r a t u r e  ( r e f .  5 )  or can be p r e d i c t e d  by  us- 
i n g  f i n i t e  e lement  a n a l y s i s .  

SIMULATION OF DEFECTS AND STRESS CONCENTRATIONS 

The s i m u l a t i o n  o f  d e f e c t s  ( h o l e s ,  s l i t s ,  and impact  damage) f o r  a p p r o x i -  
mate a n a l y s i s  i s  d e p i c t e d  s c h e m a t i c a l l y  i n  f i g u r e  5 and i s  c o n s i s t e n t  w i t h  t h e  
j u s t i f i c a t i o n s  p r e v i o u s l y  ment ioned.  I t  can be seen from t h e  f i g u r e  t h a t  
impact  damage and s l a n t e d  s l i t s  a r e  a l s o  s i m u l a t e d  w i t h  c i r c u l a r  h o l e s .  The 
d i f f e r e n c e  between t h e  h o r i z o n t a l  s l i t  and t h e  s l a n t e d  s l i t  i s  t h e  s t r e s s  
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s t a t e  i n  t h e  "removed" v i c i n i t y  of t h e  s l i t .  T h i s  s t a t e  i s  u n i a x i a l  f o r  t h e  
h o r i z o n t a l  s l i t  b u t  i s  combined for t h e  s l a n t e d  s l i t .  

The s t r e s s  c o n c e n t r a t i o n  f a c t o r  a t  any p o i n t  a round  t h e  p e r i m e t e r  o f  t h e  
c i r c u l a r  h o l e ,  for combined s t r e s s e s ,  i s  o b t a i n e d  by  s u p e r p o s i n g  t h e  r e s p e c t i v e  
s t r e s s  c o n c e n t r a t i o n  f a c t o r s  for t h e  i n d i v i d u a l  s t r e s s  s t a t e s .  
s c h e m a t i c a l l y  i n  f i g u r e  6 where e q u a t i o n s  for s t r e s s  c o n c e n t r a t i o n  f a c t o r s  a r e  
g i v e n  under  t h e  r e s p e c t i v e  schemat i c  ( r e f .  5 ) .  The e q u a t i o n s  a r e  e x p l i c i t  and 
r e l a t i v e l y  s i m p l e .  (The n o t a t i o n  i s  r e a d i l y  deduced from t h e  schemat i cs  and i s  
a l s o  summarized i n  append ix  A . )  These e q u a t i o n s  reduce  to  t h e  w e l l  known s t r e s s  
c o n c e n t r a t i o n  f a c t o r s  f o r  i s o t r o p i c  m a t e r i a l  as fo l lows: 

T h i s  i s  d e p i c t e d  

( 1 )  K T ( x )  = 3 (e = 90" for ocxx or e = 0" f o r  ocyy) 

( 2 )  KT(Y)  = -1  (e = 0" for ocxx or e = 90" f o r  ocyy) 

( 3 )  K T ( X Y )  = -4 (8 = 45" and 225" for u ~ ! ~ ) ,  K T ( ~ Y )  = 4 (U = 135" 
and 315" f o r  ocxy) ,  KT = 0 (8 = 0", 90 , 180°, 270" and 360" f o r  
oc xy ) 

I n  o r d e r  t o  use t h e  s t r e s s  c o n c e n t r a t i o n  e q u a t i o n s  i n  f i g u r e  6,  t h e  f o l -  
l o w i n g  f a c t o r s  must  be known: ( 1 )  t h e  l a m i n a t e  e l a s t i c  c o n s t a n t s  a b o u t  t h e  
s t r u c t u r a l  axes and ( 2 )  t h e  t a n g e n t i a l  modulus 
s t r e s s  c o n c e n t r a t i o n  f a c t o r  i s  b e i n g  c a l c u l a t e d .  These a r e  e a s i l y  d e t e r m i n e d  
by  u s i n g  l a m i n a t e  t h e o r y  and t h e  w e l l  known t r a n s f o r m a t i o n  e q u a t i o n s  ( r e f s .  6 
and 7 ) .  Fo r  g e n e r a l  l a m i n a t e s  under  combined s t r e s s  t h e  p o s i t i o n  8 a t  wh ich  
ocee i s  maximum i s  g e n e r a l l y  unknown. One way t o  d e t e r m i n e  t h e  p o s i t i o n  e 
i s  t o  c a l c u l a t e  t h e  s t r e s s  c o n c e n t a t i o n  f a c t o r s  KT a t  r e g u l a r  s m a l l  a n g l e  
i n t e r v a l s  ( a b o u t  5")  and t h e n  d e t e r m i n e  t h e  maximum uC- from 

Ecm a t  t h e  p o i n t  where t h e  

( 0  €3 5 180 a t  8 = 5"  i n t e r v a l s )  

where ucxx,  "CY{ '  and u c x y  a r e  t h e  f a r - f i e l d  s t r e s s e s  and a r e  g e n e r a l l y  
known from s t r u c  u r a l  a n a l y s i s .  

The p l y - s t r e s s  c o n c e n t r a t i o n s  a t  t h a t  8 a r e  t h e n  c a l c u l a t e d  by  u s i n g  
l a m i n a t e  t h e o r y  or p l y - s t r e s s  i n f l u e n c e  c o e f f i c i e n t s  ( r e f s .  7 and 8 ) .  I n  o r d e r  
to  use t h e  p l y - s t r e s s  i n f l u e n c e  c o e f f i c i e n t s ,  i t  i s  u s u a l l y  c o n v e n i e n t  t o  t r a n s -  
form t h e  l o c a l  s t r e s s  ucee t o  an e q u i v a l e n t  s t r u c t u r a l  a x e s - s t r e s s  s t a t e  
o b t a i n e d  from t h e  f o l l o w i n g  e q u a t i o n s :  

ocxx  = ucee s i n 2  e 

I ucyy = ucm  COS^ e 

s i n  28 I - 1  - -  
cxy - 2 Ocee 0 

The p l y  s t r e s s e s  can now be de te rm ined  from t h e  f o l l o w i n g  p l y - s t r e s s  
i n f l u e n c e  c o e f f i c i e n t  m a t r i x  e q u a t i o n s :  

3 



, T h i s  e q u a t i o n  i s  e a s i l y  used when t h e  p l y - s t r e s s  i n f l u e n c e  c o e f f i c i e n t s  

I t h e y  can be de te rm ined  from l a m i n a t e  t h e o r y ,  i n  g e n e r a l .  
a r e  a v a i l a b l e  ( r e f .  8 )  as summarized i n  append ix  B .  I f  n o t  r e a d i l y  a v a i l a b l e ,  

I 

I n  summary, t h e  s tep -by -s tep  p rocedure  for d e t e r m i n i n g  t h e  p l y - s t r e s s  con- 
c e n t r a t i o n s ,  t o  be used for d u r a b i l i t y  and damage t o l e r a n c e  assessment o f  com- 
p o s i t e s  by  u s i n g  s i m p l i f i e d  methods, i s  as f o l l ows :  

I ( 1 )  Replace t h e  d e f e c t  w i t h  an e q u i v a l e n t  h o l e  i n  an i n f i n i t e  medium. 
I 

( 2 )  De te rm ine  t h e  e l a s t i c  p r o p e r t i e s  o f  t h e  l a m i n a t e .  

(3) Genera te  t a b l e s  for t h e  s t r e s s  c o n c e n t r a t i o n  f a c t o r s  a t  r e g u l a r  a n g l e  
i n t e r v a l s  ( a b o u t  5 " )  by u s i n g  e q u a t i o n s  i n  f i g u r e  6 and t h e  tangen-  
t i a l  modulus e q u a t i o n  wh ich  can be found  i n  append ix  B .  

(4) Dete rm ine  t h e  f a r - f i e l d  s t r e s s  s t a t e  due t o  t h e  l o a d i n g  c o n d i t i o n s .  
Note t h a t  t h i s  s t r e s s  s t a t e  must  be t r a n s f o r m e d  f o r  t h e  s l a n t e d  s l i t  
case as n o t e d  i n  f i g u r e  5 .  

( 5 )  Determine t h e  maximum v a l u e  f o r  ucm from e q u a t i o n  ( 1 ) .  

( 6 )  Determine t h e  l a m i n a t e - s t r e s s  c o n c e n t r a t i o n s  due t o  ucee from 
e q u a t i o n  ( 2 ) .  

( 7 )  Dete rm ine  t h e  c o r r e s p o n d i n g  p l y - s t r e s s  c o n c e n t r a t i o n s  from 
e q u a t i o n  ( 3 ) .  

FATIGUE AND FRACTURE FOR MECHANICAL LOAD ONLY 

D u r a b i l i t y  and damage t o l e r a n c e  i s  g e n e r a l l y  assessed by  d e t e r m i n i n g  t h e  
s t r e s s  t h a t  t h e  compos i te  can s u s t a i n  ( 1 )  under  r e p e a t e d  l o a d i n g  ( f a t i g u e ) ,  ( 2 )  
a f t e r  damage, and ( 3 )  comb ina t ions  t h e r e o f .  The s i m p l i f i e d  methods ( e q u a t i o n s )  
for d e t e r m i n i n g  t h e  f a t i g u e  s t r e s s  o f  compos i tes  w i t h o u t  and w i t h  d e f e c t s  
w i t h  c o n s t a n t  s t r e s s  a m p l i t u d e  a r e  summarized i n  f i g u r e  7 f o r  mechan ica l  l oads  
o n l y .  These s i m p l e  methods p r e d i c t  t h e  f a t i g u e  and f r a c t u r e  i n  t h e  f i rst p l y  i n  
i t s  weakest ( f i r s t - t o - f r a c t u r e )  mode wh ich  may be t h o u g h t  o f  as e i t h e r  d e f e c t  
i n i t i a t i o n  or d e f e c t  g rowth  i n i t i a t i o n .  The hyg ro the rma l  e f f e c t s  a r e  accounted  
fo r  i n  t h e  e q u a t i o n s  as w e l l  as t h e  s t r e s s  c o n c e n t r a t i o n  e f f e c t s .  I n  o r d e r  t o  
use these  e q u a t i o n s  t o  de te rm ine  t h e  p l y - f a t i g u e  u n i a x i a l  s t r e s s  S Q ~ ~ ~  a t  
i n i t i a l  d e f e c t  g rowth ,  a l l  t h e  o t h e r  v a r i a b l e s  i n  t h e  e q u a t i o n s  must e known. 
For example, t h e  s e r v i c e  env i ronmen t  tempera tu re  T and t h e  number o f  c y c l e s  
N a r e  known f r o m  t h e  d e s i g n  r e q u i r e m e n t s .  The g l a s s  t r a n s i t i o n  tempera tu re  i n  
t h e  presence o f  m o i s t u r e  TGW can be e s t i m a t e d  from t h e  e q u a t i o n  ( r e f .  8 )  i n  
appendix  B .  The c y c l i c  s t r e s s  d e g r a d a t i o n  c o e f f i c i e n t  6 i s  u s u a l l y  d e t e r -  
mined from e x p e r i m e n t a l  d a t a  ( r e f .  3 ) .  
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Comparisons o f  t h e  p r e d i c t e d  r e s u l t s  from t h e  e q u a t i o n  f o r  compos i tes  
w i t h o u t  d e f e c t s  a r e  shown i n  f i g u r e  3 f o r  g r a p h i t e  and epoxy and i n  f i g u r e  8 
( r e f .  9 )  f o r  g l a s s  and p o l y e s t e r .  I n  b o t h  of t h e s e  f i g u r e s  t h e  agreement  i s  
c o n s i d e r e d  good s i n c e  i t  appears t o  p r o v i d e  a lower bound. 

Comparisons for compos i tes  w i t h  d e f e c t s  under  r e v e r s e  f a t i g u e  a r e  shown i n  
f i g u r e  9. The two p r e d i c t e d  cu rves  i n  t h i s  f i g u r e  show t h e  d i f f e r e n c e  between 
t h e  s t a t i c  f r a c t u r e  s t r e s s e s  for t e n s i o n  and compress ion .  A s  can be seen t h e  
e x p e r i m e n t a l  d a t a  a r e  a p p r o x i m a t e l y  between t h e  two p r e d i c t e d  c u r v e s .  

I M P A C T  R E S I S T A N C E  

The s i m p l i f i e d  methods ( e q u a t i o n s )  for p r e d i c t i n g  t h e  compos i te  damage 
due t o  impac t  a r e  o u t l i n e d  i n  f i g u r e  10. The n o t a t i o n  used i n  t h e  e q u a t i o n s  
i s  s e l f - e v i d e n t .  The q u a n t i f i e d  damage i s  t h a t  due t o  i n t e r n a l  d e l a m i n a t i o n  
wh ich  i s  g e n e r a l l y  n o t  v i s u a l l y  d e t e c t a b l e .  The energy  b a l a n c e  i s  de te rm ined  
by  assuming t h e  f o l l o w i n g :  ( 1 )  t h e  i m p a c t i n g  p r o j e c t i l e  does n o t  i m p a r t  any 
v e l o c i t y  t o  t h e  t a r g e t ,  ( 2 )  t h e  p r o j e c t i l e  does n o t  abso rb  any energy ,  and ( 3 )  
t h a t  d e l a m i n a t i o n  i s  " g e n e r a l l y "  i n i t i a t e d  s i m u l t a n e o u s l y  i n  s e v e r a l  i n t e r p l y  
l o c a t i o n s  t h r o u g h  t h e  t h i c k n e s s .  T h i s  t h i r d  assumpt ion  i s  based p r i m a r i l y  on  
o b s e r v a t i o n s  o f  d i s s e c t e d ,  impacted  l a m i n a t e s  wh ich  g e n e r a l l y  show s e v e r a l  
i n t e r p l y  d e l a m i n a t i o n s  b u t  no  s u r f a c e  damage ( r e f .  1 ) .  

The i m p o r t a n t  compos i te  pa ramete rs  i n  t h e s e  e q u a t i o n s  a r e  ( 1 )  t h e  l a m i -  
n a t e  t h i c k n e s s  tc and ( 2 )  t h e  compos i te  i n t e r l a m i n a r  shear  s t r e n g t h  S ~ 1 3 .  
The i m p a c t i n g  v e l o c i t y  or  h e i g h t - d r o p  t o  induce  d e l a m i n a t i o n  w i l l  i n c r e a s e  
l i n e a r l y  w i t h  compos i te  t h i c k n e s s  a n d / o r  w i t h  compos i te  i n t e r l a m i n a r  shear  
s t r e n g t h .  For example, assume ( 1 )  t h a t  t h e  t y p i c a l  i n t e r l a m i n a r  shear  s t r e n g t h  
f o r  g r a p h i t e - f i b e r l e p o x y  compos i tes  i s  12 k s i ,  ( 2 )  t h e  l a m i n a t e  i s  0 . 1 - i n .  
t h i c k ,  and (3) a 1 - i n . - d i a m e t e r  s t e e l  b a l l  i s  t h e  p r o j e c t i l e ,  t h e n  t h e  impact -  
i n g  v e l o c i t y  t o  i n i t i a t e  d e l a m i n a t i o n  i s  

V = 1077 i n . / s e c  = 90 f t / s e c  

wh ich  i s  r e a s o n a b l e  and c o n s i s t e n t  w i t h  suggested  l i t e r a t u r e  v a l u e s  ( r e f .  10). 

I n  a n o t h e r  example, t h e  h e i g h t - d r o p  e q u i v a l e n t  f o r  d e l a m i n a t i o n  i n i t i a t i o n  
o f  a 2 5 - l b  tool box i s  e s t i m a t e d  by u s i n g  t h e  same l a m i n a t e .  By e m p l o y i n g  t h e  
l a s t  e q u a t i o n  i n  f i g u r e  10, assuming t h a t  t h e  i m p a c t o r  i s  1 - i n .  i n  d i a m e t e r ,  
and t h e  e q u i v a l e n t  d e n s i t y  i s  abou t  50 l b l i n . 3 ,  t h e  h e i g h t - d r o p  e q u i v a l e n t  H 
i s  

H = 11.5 (0.1 i n . / l  i n . )  (12  000 l b / i n . 2 > / 5 0  l b l i n . 3 1  

H = 36 i n .  = 3 . 0  f t  

wh ich  i s  a l s o  r e a s o n a b l e  based upon l i t e r a t u r e  v a l u e s  ( r e f .  1 1 ) .  
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The two p r e v i o u s  n u m e r i c a l  examples demons t ra te  t h e  a p p l i c a t i o n s  o f  equa- 
t i o n s  i n  f i g u r e  10 f o r  e s t i m a t i n g  impac t  l o a d s  t o  be used,  i n  t u r n ,  for t h e  
s i z i n g  o f  l a m i n a t e s  d u r i n g  p r e l i m i n a r y  d e s i g n  phases.  
t h e s e  l a m i n a t e  des igns  must  be v a l i d a t e d  w i t h  more s o p h i s t i c a t e d  ana lyses  ( f o r  
example, f i n i t e  e lemen t )  and v e r i f i e d  w i t h  s t r a t e g i c a l l y  s e l e c t e d  exper imen ts .  

I t  i s  unders tood  t h a t  

THERMAL FATIGUE AND THERMAL CYCLES TO I N I T I A L  CRACKING 

The s i m p l i f i e d  method, c r i t e r i a ,  concep t ,  and e q u a t i o n  t o  p r e d i c t  t h e  
the rma l  c y c l e s  t o  i n i t i a l  t r a n s p l y  c r a c k i n g  ( r e f e r r e d  t o  as m i c r o c r a c k i n g  i n  
t h e  l i t e r a t u r e  ( r e f .  1 2 ) )  a r e  summarized i n  f i g u r e  1 1 .  I t  i s  i m p o r t a n t  t o  n o t e  
i n  t h i s  f i g u r e  t h a t  t h e  c y c l i c  t e m p e r a t u r e  a m p l i t u d e  AT i s  measured from t h e  
c u r e  tempera tu re  wh ich  i s  d i f f e r e n t  t h a n  t h e  g l a s s  t r a n s i t i o n  t e m p e r a t u r e  ( d r y  
or w e t ) .  The p r e d i c t i v e  model ( e q u a t i o n )  f o r  t h e  number o f  the rma l  c y c l e s  NT 
i s  shown a t  t h e  b o t t o m  o f  f i g u r e  1 1 .  I n  o r d e r  t o  use t h i s  e q u a t i o n ,  t h e  v a r i -  
ous tempera tu res  TGW, TGD, T ,  and To, t h e  c y c l i c  t empera tu re  ( e l e v a t e d ,  room, 
c r y o g e n i c )  a m p l i t u d e  AT, t h e  room t e m p e r a t u r e  p l y - t r a n s v e r s e  s t r e n g t h  SQ220, 
t h e  p l y - t r a n s v e r s e  s t r e s s  O Q ~ ~ C Y C ,  and t h e  t h e r m a l  f a t i g u e  d e g r a d a t i o n  c o e f f i -  

must  be known. 

s tep-by-s tep  p r o c e d u r e  f o r  u s i n g  t h i s  e q u a t i o n  i s  as fo l lows: 

O b t a i n  TGD from t h e  m a t e r i a l  s u p p l i e r .  
Determine TGW from t h e  e q u a t i o n  i n  Appendix  B f o r  t h e  
m i  ss ion -spec i  f i ed moi s t u r e .  
O b t a i n  T from t h e  m i s s i o n - s p e c i f i e d  c o n d i t i o n s .  T h i s  i s  u s u a l l y  
t h e  maximum and minimum c y c l i c  t e m p e r a t u r e .  
Room t e m p e r a t u r e  i n  g e n e r a l  i s  t h e  r e f e r e n c e  t e m p e r a t u r e ,  To 
O b t a i n  SQ220 from t h e  m a t e r i a l  s u p p l i e r  or by  u s i n g  mic romechan ics  
e q u a t i o n s  ( r e f .  13 ) .  
C a l c u l a t e  t h e  c y c l i c  p l y - t r a n s v e r s e  s t r e s s  UQ22cyc b y  u s i n g  l a m i n a t e  
t h e o r y  a t  t h e  c o r r e s p o n d i n g  A T .  
S e l e c t  an a p p r o p r i a t e  v a l u e  f o r  t h e  the rma l  f a t i g u e  d e g r a d a t i o n  
c o e f f i c i e n t  B. Va lues  f o r  t h i s  c o e f f i c i e n t  a r e  n o t  c u r r e n t l y  
a v a i l a b l e  i n  t h e  l i t e r a t u r e  t o  t h e  a u t h o r s '  knowledge.  However. some 
g u i d e l i n e s  f o r  s e l e c t i n g  e s t i m a t e s  a r e  d e s c r i b e d  i n  r e f e r e n c e  3 .  

To demonst ra te ,  t h i s  p rocedure  was used t o  p r e d i c t  t h e  number of the rma l  
c y c l e s  t o  t r a n s p l y  c r a c k  i n i t i a t i o n  f o r  two l a m i n a t e  c o n f i g u r a t i o n s  w i t h  t h r e e  
d i f f e r e n t  c y c l i c  t empera tu res  ( A T  = -100, -280, and -600 O F ) .  The r e s u l t s  a r e  
summarized i n  t a b l e  11. A s  expec ted ,  t h e  l a m i n a t e  c o n f i g u r a t i o n  and t h e  c y c l i c  
t empera tu re  i n f l u e n c e  t h e  number o f  the rma l  c y c l e s  t o  t r a n s p l y  c r a c k  i n i t i a -  
t i o n .  One v e r y  i n t e r e s t i n g  and s u r p r i s i n g  r e s u l t  i s  t h e  h i g h  s e n s i t i v i t y  o f  
t h e  the rma l  c y c l e s  t o  r e l a t i v e l y  sma l l  changes i n  t h e  magn i tude o f  t h e  the rma l  
p l y - t r a n s v e r s e  s t r e s s  a t  c r y o g e n i c  t e m p e r a t u r e s .  A s  can be seen i n  t h e  t a b l e ,  
an i n c r e a s e  o f  2 p e r c e n t  i n  c r y o g e n i c  s t r e s s  magn i tude causes a decrease o f  
44 p e r c e n t  i n  the rma l  c y c l e s .  

F a c t o r s  wh ich  c o n t r i b u t e  t o  t h e  t r a n s v e r s e  p l y  s t r e s s  w i l l  a l s o  c o n t r i b u t e  
s i g n i f i c a n t l y  t o  t h e  number o f  the rma l  c y c l e s  t o  i n i t i a l  t r a n s p l y  c r a c k i n g .  
The most p rominen t  o f  these  f a c t o r s  and most d i f f i c u l t  t o  q u a n t i f y  a c c u r a t e l y  
i n c l u d e  ( 1 )  t empera tu re  p r o f i l e  t h r o u g h  t h e  l a m i n a t e  t h i c k n e s s ,  ( 2 )  t he rma l  
c y c l i c  d e g r a d a t i o n  c o e f f i c i e n t s  B,  and (3) i n  s i t u  p l y - t r a n s v e r s e  s t r e n g t h .  
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The s e n s i t i v i t y  of t h e  t e m p e r a t u r e  p r o f i l e  t h r o u g h  t h e  l a m i n a t e  t h i c k n e s s  
on t h e  number o f  t h e r m a l . c y c l e s  t o  i n i t i a l  t r a n s p l y  c r a c k i n g  i s  shown i n  
t a b l e  111. A s  can be seen i t  i s  v e r y  s i g n i f i c a n t .  I t  a l s o  i l l u s t r a t e s ,  i n  
p a r t ,  t h e  d i f f i c u l t y  t h a t  wou ld  be encoun te red  i n  p i n p o i n t i n g  t h i s  number by  
measurement. The r e s u l t s  i n  t h i s  t a b l e  a l s o  show t h a t  t h e  s m a l l e s t  number of 
c y c l e s  o c c u r s  f o r  t h e  p l y  w i t h  t h e  g r e a t e s t  t e m p e r a t u r e  d i f f e r e n c e .  These 
r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  f i n d i n g s  r e p o r t e d  i n  r e f e r e n c e s  12 and 14.  

The s e n s i t i v i t y  o f  t h e  number of the rma l  c y c l e s  t o  ( 1 )  t h e r m a l  c y c l i c  deg- 

The f o l l o w i n g  c h a r a c t e r i s t i c s  a r e  obse rved  from 

r a d a t i o n  c o e f f i c i e n t  B and ( 2 )  i n  s i t u  p l y - t r a n s v e r s e  s t r e n g t h  S Q ~  a r e  
shown i n  f i g u r e  12 (a )  for e l e v a t e d  t e m p e r a t u r e  c y c l i n g  and i n  f i g u r e  12 (b>  f o r  
c r y o g e n i c  tempera tu re  c y c l i n g .  
t hese  two f i g u r e s :  

( 1 )  The the rma l  c y c l e s  NT a r e  v e r y  s e n s i t i v e  t o  B f o r  v a l u e s  around 
0.1 and a l s o  t o  Sao. 

( 2 )  The s e n s i t i v i t y  i s  more m a n i f e s t  i n  c r y o g e n i c  t e m p e r a t u r e  c y c l i n g  t h a n  
i n  e l e v a t e d  tempera tu re  c y c l i n g .  

( 3 )  The s e n s i t i v i t y  d i m i n i s h e s  p r o g r e s s i v e l y  as B i n c r e a s e s  beyond 0 . 3  
f o r  b o t h  tempera tu res  e x c e p t  for t h e  50  p e r c e n t  Sao c u r v e  a t  c r y o g e n i c  t e m -  
p e r a t u r e s .  

The i m p o r t a n t  c o n c l u s i o n  from t h i s  d i s c u s s i o n  i s  t h a t  t h e  p r e d i c t i v e  model 
i n  f i g u r e  1 1  p r o v i d e s  a s i m p l e  and e f f e c t i v e  means t o  e s t i m a t e  t h e  t h e r m a l  
c y c l e s  t o  i n i t i a l  t r a n s p l y  c r a c k i n g  and i t s  s e n s i t i v i t y  t o  v a r i o u s  p a r t i c i p a t -  
i n g  pa ramete rs .  

COMBINED HYGROTHERMOMECHANICAL CYCLIC LOADING 

The p r e d i c t i v e  e q u a t i o n  for combined c y c l i c  l o a d i n g  i s  shown i n  f i g u r e  13. 
The combined l o a d i n g  i n c l u d e s  ( 1 )  s t e a d y  s t a t e ,  ( 2 )  mechan ica l  l o a d  c y c l i n g ,  
( 3 )  t he rma l  c y c l i n g ,  and ( 4 )  h y g r a l  ( m o i s t u r e )  c y c l i n g .  The n o t a t i o n  used i n  
t h e  f i g u r e  i s  a p p r o p r i a t e l y  d e f i n e d .  Note  t h a t  t h e  e q u a t i o n ,  as shown, a p p l i e s  
only t o  one u n i a x i a l  p l y  s t r e s s  and f o r  c o n s t a n t  a m p l i t u d e  o f  each o f  t h e  
c y c l  i c  l o a d s .  

The e q u a t i o n  i s  g e n e r a l ,  however ,  and can be a p p l i e d  t o  a v a r i e t y  o f  con- 
d i t i o n s ;  f o r  example, ( 1 )  v a r i a b l e  c y c l i c  a m p l i t u d e  can be hand led  b y  a p p l y i n g  
t h e  e q u a t i o n  t o  each a m p l i t u d e  and t h e n  summing t h e  c o r r e s p o n d i n g  te rms and 
( 2 )  combined s t r e s s  s t a t e s  can be hand led  by  u s i n g  a v a i l a b l e  combined s t r e s s  
f a i l u r e  c r i t e r i a  ( r e f .  7 ) .  I n  e i t h e r  case,  c a r e  s h o u l d  be e x e r c i s e d  i n  u s i n g  
t h e  r e s p e c t i v e  c y c l i c  s t r e s s  d e g r a d a t i o n  c o e f f i c i e n t s  f o r  t h e  v a r i o u s  p l y  
s t r e s s e s .  The recommended ( d e f a u l t )  v a l u e  from r e f e r e n c e  3 i s  0.1 f o r  t h i s  
c o e f f i c i e n t  f o r  a l l  t y p e s  o f  s t r e s s e s  when no  o t h e r  v a l u e s  a r e  a v a i l a b l e .  

The p r e d i c t i v e  e q u a t i o n  i n  f i g u r e  13 was used t o  e s t i m a t e  t h e  number o f  
c y c l e s  fo r  v a r i o u s  l o a d i n g  c o n d i t i o n s  for t h r e e  d i f f e r e n t  l a m i n a t e s :  

( 1 )  [ ~ 4 5 / 0 / 9 0 1 ~  - q u a s i - i s o t r o p i c  
( 2 )  [ 9 O 2 / ~ 1 O I s  - p r e s s u r e  vesse l  
( 3 )  [.-3O/O3Is - eng ine  b l a d e  
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The r e s u l t s  o b t a i n e d  a r e  summarized i n  t a b l e  IV. I t  can be seen t h a t  ( 1 )  
mechan ica l  l o a d  w i t h  r e s i d u a l  s t r e s s  i s  t h e  most c r i t i c a l ,  ( 2 )  m o i s t u r e  c y c l -  
i n g ,  o n l y ,  i s  i n s i g n i f i c a n t  f o r  1 p e r c e n t  m o i s t u r e  by  w e i g h t  and can be 
n e g l e c t e d ,  and ( 3 )  b l a d e  l a m i n a t e  c o n f i g u r a t i o n s  a r e  n o t  l i k e l y  t o  e x h i b i t  
t r a n s p l y  c r a c k s  under  any c y c l i c  l o a d i n g  c o n d i t i o n s  w i t h i n  p r a c t i c a l  ranges .  
The s i g n i f i c a n t  p o i n t  i s  t h a t  t h e  combined c y c l i c  s t r e s s  d e g r a d a t i o n  e f f e c t s  
can be e v a l u a t e d  f o r  a v a r i e t y  o f  c o n d i t i o n s  by u s i n g  t h e  p r e d i c t i v e  models  
d e s c r i b e d  i n  f i g u r e  13. 

SUMMARY OF RESULTS 

The r e s u l t s  o f  an i n v e s t i g a t i o n  t o  p r e s e n t  and d e s c r i b e  s i m p l i f i e d  p r e d i c -  
t i v e  methods and models ( " t h e o r y " )  for compos i te  s t r u c t u r a l  d u r a b i l i t y  and 
damage t o l e r a n c e  a r e  summarized i n  g e n e r a l  as fo l lows: 

1 .  The t h e o r y  c o n s i s t s  o f  s i m p l i f i e d  c l o s e d  form e q u a t i o n s  wh ich  a r e  used 
t o  assess compos i te  m a t e r i a l  p r o p e r t y ,  s t r u c t u r a l  d u r a b i  
t o l e r a n c e .  

2 .  The t h e o r y  accoun ts  f o r  f a t i g u e  and f r a c t u r e  f o r  
o c c u r r i n g  i n a d v e r t e n t  d e f e c t s  i n  compos i tes .  

3. The t h e o r y  i s  l i m i t e d  t o  p r e d i c t i n g  c y c l e s  t o  i n  
d e f e c t  e x t e n s i o n .  

i t y ,  a n d / o r  damage 

t h e  most commonly 

t i a l  damage or i n i t i a l  

4 .  The t h e o r y  i s  based on  i n t e g r a t e d  compos i te  mechan ics ,  accoun ts  f o r  
h y g r o t h e r m a l  e f f e c t s ,  and i s  a p p l i c a b l e  t o  combined hygro thermomechan ica l  
c y c l i c  l o a d i n g .  

5 .  The t h e o r y  i s  s u i t a b l e  f o r  p r e l i m i n a r y  d e s i g n .  

6.  The t h e o r y  i s  e x p e d i e n t  f o r  p a r a m e t r i c  s t u d i e s  ( compos i te  sys tems) .  
l a m i n a t e  c o n f i g u r a t i o n s ,  t empera tu res  a n d / o r  m o i s t u r e s ,  and combined l o a d i n g  
c o n d i t i o n s .  

7 .  The t h e o r y  p r e d i c t s  r e s u l t s  wh ich  appear  t o  be r e a s o n a b l e  f o r  assumed 
r e p r e s e n t a t i v e  c o n d i t i o n s  and f o r  t h e  l i m i t e d  d a t a  a v a i l a b l e .  However, i t  
shou ld  be used j u d i c i o u s l y  s i n c e  a d d i t i o n a l  v e r i f i c a t i o n  i s  needed. 

More s p e c i f i c  f i n d i n g s  a r e  summarized as fo l lows: 

1 .  F a t i g u e  c y c l e s  t o  i n i t i a l  c r a c k i n g  depend on  ( a >  compos i te  m a t e r i a l ,  
( b >  l a m i n a t e  c o n f i g u r a t i o n ,  and ( c >  t y p e  o f  c y c l e  l o a d i n g .  

2 .  Thermal c y c l i c  t r a n s p l y  c r a c k  i n i t i a t i o n  and l o c a t i o n  depend on  ( a )  
t empera tu re  g r a d i e n t  t h r o u g h  t h e  t h i c k n e s s ,  ( b >  e n v i r o n m e n t a l  e f f e c t s  on  a l l  
p r o p e r t i e s ,  e s p e c i a l l y  on  t r a n s v e r s e  s t r e n g t h ,  and ( c )  f a t i g u e  d e g r a d a t i o n  r a t e  
o f  t r a n s v e r s e  s t r e n g t h .  

3. Composi te  impac t  r e s i s t a n c e  depends o n  ( a )  l a m i n a t e  t h i c k n e s s  and ( b >  
i n t e r l a m i n a r  s t r e n g t h .  Subsequent r e s i d u a l  s t r e n g t h  depends on t h e  r e s p e c t i v e  
s t r e s s  c o n c e n t r a t i o n  f a c t o r .  

8 



4. Cyclic cryogenic temperatures significantly degrade the laminate 
fatigue resistance more so than elevated temperatures. 

5. Moisture cycling (up to 1 percent by weight) has generally negligible 
degradation effects o n  composite fatigue resistance. 

6. Thermal fatigue cycles are very sensitive t o  low values (less than 
about 0.2) of the fatigue degradation coefficient. 

9 



The symbo 
t h r o u g h o u t  t h e  

APPENDIX A - SYMBOLS 

s i n  t h i s  l i s t  a r e  found i n  t h e  schemat i cs  and e q u a t i o n s  
paper  and a r e  summarized h e r e  for conven ience.  

B t he rma l  f a t i g u e  d e g r a d a t i o n  c o e f f i c i e n t  

E e l a s t i c  modulus.  as d e f i n e d  by s u b s c r i p t s  

G shear  modulus 

9 g r a v i t y  a c c e l e r a t i o n  

@ p l y - s t r e s s  i n f l u e n c e  c o e f f i c i e n t  as d e f i n e d  by  s u b s c r i p t s  

K T  s t r e s s  c o n c e n t r a t i o n  f a c t o r  

M moi s t u r e  

N number o f  c y c l e s  

R r a t i o  o f  c y c l i c  s t r e s s ,  min/max 

S 

T t e m p e r a t u r e  

TO r e f e r e n c e  t e m p e r a t u r e  

TGD d r y  g l a s s  t r a n s 1  t i o n  t e m p e r a t u r e  

TGW wet g l a s s  t r a n s i t i o n  t e m p e r a t u r e  

x ,y ,z  g l o b a l  ( s t r u c t u r a l  axes)  c o o r d i n a t e s  

1,2,3 p l y - m a t e r i a l  axes c o o r d i n a t e s  

a change 

e p l y  a n g l e  o r i e n t a t i o n  

V P o i s s o n ' s  r a t i o  as d e f i n e d  by s u b s c r i p t s  

P d e n s i t y  as d e f i n e d  by s u b s c r i p t s  

U s t r e s s  as d e f i n e d  by  s u b s c r i p t s  

S u b s c r i p t s  

C compress ion  

C compos i te  p r o p e r t y  

L,T l o n g i t u d i n a l ,  t r a n s v e r s e  

s t r e n g t h  as d e f i n e d  by  s u b s c r i p t s  

11 P l Y  p r o p e r t y  

10 



S shear 

S 

T tension 

x,y,z respective coordinate direction properties 

1,2,3 respective ply-material axis properties 

symmetric when following a laminate designation 

1 1  



A P P E N D I X  B - SUMMARY OF USEFUL EQUATIONS 

The e q u a t i o n s  summarized i n  t h i s  append ix  a r e  r e q u i r e d  t o  p e r f o r m  t h e  
c a l c u l a t i o n s  of t h e  s i m p l i f i e d  p r e d i c t i v e  methods. 
n o t a t i o n ) .  

(See append ix  A f o r  t h e  

P l y - s t r e s s  i n f l u e n c e  c o e f f i c i e n t s  a r e  as fo l lows: 

( 1 )  For ucXx z 0 (u = u = O), 
CYY C X Y  

2 2 ( cos  e - v s i n  8 )  1 - O Q l l  

C X Y  
.a L IX  = - - - 

cxx Ecxx U 

OQ22 EQ22 2 2 

U c x x  Ecxx  
) cos e + ( 1  - vcxYvQl2) s i n  e] - $ T I X = - - -  

( 1  + v ) s i n  28 2 - OQl2 
C XY 

Jz S I X = - - -  
U cxx Ecxx 

(2) For u z 0 (ucXx = u = O), 
CYY C X Y  

'Qll 2 2 ( s i n  e - v cos 8) - O Q l l  

C X Y  
$ L / Y  = - - - 

CYY EcYY 
U 

2 2 OQ22 EQ22 [ (1  9 T I Y  = -  - - -  
CYY EcYY 

) cos e + (VQl2 - v ) s i n  e] - vcxyvQ12 C XY 0 

( 3 )  For CY z 0 (ucxx - - ucyy = O), 
C XY 

EQl 1 ) s i n  28 
( '  - vQ21 - uQl 1 

t!$ L I S = - - -  
U C X Y  2Gcxy 

) s i n  28 
( '  - vQ21 - uQ22 $ T I S = - - -  

0 C XY Gcxy 

'1112 - GQ12 cos 2e $ S l S = - - -  
cxy  Gcxy U 

1 2  



The t a n g e n t  

The g l a s s  

a1 modu 

1 

ECW 

us i s  

- s i n 2  28 
CYY 

- 

t r a n s i t i o n  t e m p e r a t u r e  f o r  wet compos i te  

TGW = (0.005 M - 0.1 M + 

i s  

) T ~ ~  
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P l y  o r ien -  
t a t i o n ,  
[+-el 
deg 

F r a c t u r e  modes 

S o l i d  Notched specimen Notch specimen 
specimen w i t h  s l i t  w i  t h  h o l e  

J 

0 
3 
5 

10 
15 
30 
45 
60 
75 
90 

TABLE 11. - SUMMARY OF THERMAL CYCLES PREDICTION FOR 
LAMINATES CO2/902] AND C03/901 A T  THREE CYCLIC 

TEMPERATURES (T300 GRAPHITE-FIBER/EPOXY MATRIX) 
[Cure temperature assumed a t  350 OF; g lass  t r a n s i t i o n  

temperature,  420 O F ;  d r y  c o n d i t i o n s ,  M = 0 percent ;  
assumed va lue  f o r  B 0.10.3 

LT LT,S LT,S 
LT,S LT,S LT,S 
LT,S LT,S LT,S 
LT,S LT,S LT,S 
LT,S LT,S LT,S 
LT,S LT,S LT,S 
S,LT S,LT S,LT 
TT,S TT,S T T , S  
TT  TT  TT  
TT TT  TT  

I Cond i t i on  o r  p r o p e r t y  C y c l i c  temperature,  
AT, "F 

90 

-280 I -100 I -6OC 

200 2695 35 748 
175 3174 23 259 ---- -550 -200 8544 484 ---- -525 -175 8121 819 

---- ---- 150 
175 

Use temperature,  T ,  O F  I Thermal c y c l  i c p l  y- t ransverse 
s t r e s s ,  O Q ~  c ,  k s i  

SQo, k s i ,  ( a t  70 OF) 
Thermal cyc les  (NT) t o  

P l  y - t ransversg s t reng th ,  1 1  1 10 90: 1 52 39: I ( b )  

I I I i n i t i a l -  t r a n s p l i  c rack ing  I 
aFor l am ina te  [O /9O2Is, 9.3 k s i ;  f o r  l am ina te  

bFor l am ina te  [o2/9o2Is, 162; f o r  l am ina te  [O3/9OIs, 
[03/9012, 9.5 $ s i .  

91. 

TABLE 111. - NUMBER OF THERMAL CYCLES TO INITIAL TRANSPLY 
CRACKING I S  VERY SENSITIVE TO TEMPERATURE PROFILE 

THROUGH-THE-LAMINATE THICKNESS ( CO2/9021 T300 
GRAPHITE-FIBER/EPOXY (LAMINATE) 

[Cure temperature,  350 OF; g l a s s  t r a n s i t i o n  temperature,  420 OF; 
thermal c y c l i c  deg rada t ion  c o e f f i c i e n t ,  0.1;  room temperature 
d r y  p l y - t ransve rse  t e n s i l e  s t reng th ,  8 k s i  . I  

Use P l y  r e s i d u a l  Thermal 
temper- s t r e s s ,  cyc les ,  

PS' 
a t u r e ,  OQ22. NT 
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TABLE I V .  - CYCLES TO INITIATE TRANSPLY CRACKS DEPEND ON LAMINATE CONFIGURATION AN0 TYPE OF LOADING 
CONDITIONS (AS GRAPHITE-FIBER/EPOXY A T  0.62 FVR) 

[Fa t i gue  degrada t ion  c o e f f i c i e n t s  a r e  assumed t o  be BM = BT = BL = 0.1.1 

( a )  P ly- t ransverse s t r e s s  i n f l u e n c e  c o e f f i c i e n t s  

Loading c o n d i t i o n  Lami na te  c o n f i g u r a t i o n  

[?45/0 /90 Is  I [902/210], I C~3O/O3Is  

S t ress  a long  0" p l y  d i r e c t i o n ,  ocxx 
Use temper ture,  Ta 
Use mo is tu re ,  M 
Transverse p l y - s t r e n g t h  tension/compression, 

SQ22T/SQ22C* ksi 

-0.022 
-7.698 

-571.146 

0.145 0.170 
-12.280 

-1298.265 -1170.719 
8/20 8/20 

-1 6.681 

I 
Loading c o n d i t i o n  Laminate c o n f i g u r a t i o n  Comments 

App l i ed  s t r e s s ,  NL 

App l i ed  s t r e s s  and r e s i d u a l  s t r e s s ,  NL 

E levated temperature c y c l  ingb,  NT 

Cryogenic temperature c y c l  i ngb, NT 

Mo is tu re  c y c l i n g c ,  Nn 

234 060 

275 260 

[+45/0/901 

36 500 

1 

76 620 

180 

> 1 oox 106 

Ct30/031 

>10Ox106 

>10Ox106 

> 100x106 

> lOOx 106 

987 000 

aCxx 30 k s i  

ocXx 30 k s i  + OR 

T = 250 O F  

T = 300 "F 

M 1 pe rcen t  

aCure temperature, 350 O F .  

b c y c l i c  temperatures a r e  from room temperature t o  
c C y c l i c  m o i s t u r e  i s  from d r y  t o  

T. 
M. 

120 

90 - 
U J  
Y 

v) 
v) 
W 
CT rn 
W e 
I- 
V 

LL 

a 

2 
60 

30 
0 ,125 .375 

DEFECT SIZE. I N .  

.625 

FIGURE 1. - LAMINATE STATIC FRACTURE DATA. ([O/f45/9012S. T300/E). 
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0 SOLID SPECIMEN 
0 SPECIMEN WITH 0.25-IN. 

LENGTH THROUGH SLIT 
200 a SPECIMEN WITH 0.25-IN. 

nl AMFTFR THROUGH HOLE 

LOAD FIBER 
DIRECTION 7, 

DIRECTION /-FIBER 
DIRECTION 

+e- 

l 
2-IN.-WIDE SPECIMEN 

WITH 0.25-IN. DIAMETER \ CENTERED THROUGH HOLE I 

I I 

LAMINATE ORIENTATION. DEG 

FIGURE 2. - ANGLEPLIED LAMINATE LONGITUDINAL STRENGTHS. 

I FAT I GUE 
0 LONGITUDINAL, 0' 
0 TRANSVERSE. 90' 
a INTERLANI NAR SHEAR, *45' 

OPEN SYMBOLS DENOTE ROOM TEMPERATURE. WET 
SOLID SYMBOLS DENOTE ROOM TEMPERATURE, DRY 

LOG, FATIGUE CYCLES 

FIGURE 3 .  - COMPRESSIVE LIFE AND DURABILITY AS GRAPHITE-FIBER/EPOXY. 
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J 

1 t 
I I I I 
2 3 4 5 6 7 1 

LOG, FATIGUE CYCLES 
FIGURE 4. - NOTCH LAMINATES ARE NOT SENSITIVE TO COMPRESSION FATIGUE 

(FOR c0/+45/0/901~~. T3001934). 
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t t t t t t t  

1 1 1 1 1 1 1  El 
HOLE 

t t t t t t t  

1 1 1 1 1 1  
SLIT  

A 

t t t t t t t  Fl 
1 1 1 1 1 1 1  

IMPACT DAMAGE 

U + 

t t t t t t  
1 

\ 

I 

1 1 1 1 1 1  
SLANTED SLIT  

JJ 
t 

EQUIVALENT 

FIGURE 5. - SIMULATION OF DEFECTS I N  LAMINATES FOR APPROXIMATE ANALYSIS. 
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Y 

I 
Y 

Y 

t t t l t  t t -+-- 

1/2 

WHERE Ro = [Ecxx/Ecyy]'~2 AND RDI = 

FIGURE 6. - SUPERPOSITION OF RESPECTIVE STRESS CONCENTRATION FACTORS. DEFECT SIMULATED 
LINEAR BEHAVIOR TO FIRST PLY OR BY CIRCULAR HOLE WITH DIAMETER EQUAL TO DEFECT SIZE. 

INTERPLY DAMAGE. NOTE: Qcee I S  THE HOOP STRESS AT 8 .  
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- B LOG N - B LOG N 

I 
(A) LAMINATE WITHOUT DEFECTS. 

- B LOG N 

0 

- 
t 

(B) LAMINATE WITH DEFECTS, 

(C) CYCLIC LOAD. CONSTANT STRESS AMPLITUDE. 

FIGURE 7. - FATIGUE AND FRACTURE FOR 
MECHANICAL LOAD ONLY. CRITERIA FOR 
FIRST PLY FAILURE ARE (1) TRANSPLY 
CRACKING AND (2) DELAMINATION. 
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70 

10 

,--BASELINE DATA, ,’ R = O  

- 500 

- sco scxxc = 80 K S I  

I I I I I 

CYCLIC STRESS 
RAT I O  

(MIN/MAX), 
R 

0 -0.10 
0 -.25 
a -.SO 

v) 0 -1.00 

g 400 
300 

W 
a L 
d 200 

5 100 ‘-COMPRESSION (PR 

cn 
u7 
W 

2 3 4 5 6 7 0 

LOG FATIGUE CYCLES 

FIGURE 8. - COMPARISON OF EFFECT OF MEAN STRESS ON FATIGUE ENDURANCE. (TESTS 
CONDUCTED AT 70 OF AND 50 PERCENT RH. ) 

60 1 t 
Ll 

,-TENS I ON-TENS1 ON 

u, 
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(1) CRITERIA 

I N I T I A L  DAMAGE WITH NO PENETRATION 

I N I T I A L  DAMAGE WITH INTERLAMINAR DELAMINATION 
(2) EQUIVALENCE TPROJECTI LE 

\ 
RIGID PROJECTILE SPHERE (D) 

DAMAGED AREA BOUNDARIES ARE 

0.5 X PROJECTILE-PROJECTED AREA 

ENERGY BALANCE 

=D3 ! V2 = 1 !!D2 SQI3 t C  

IMPACTING VELOCITY TO I N I T I A L  DAMAGE 

2 6  g 4 4  

V = [ 0.75 (&) 9 S Q 1 3 T  

HE I GHT-DROP EQUIVALENT 

I- 

W CT 
2 
I- 

W 
s 
8 
I- 

FIGURE 10. - IMPACT RESISTANCE FOR LOCAL LAMINATE CHARACTERISTIC. 

r C U R E  TEMPERATURE 
/ 

TEMPERATURE 

ELEVATED 
TEMPERATURE 

TIME 
A T  

I 
4 

CRYOGENIC 
TEMPERATURE 

THERMAL CYCLES 

0 ~ 2 2 ~ ~ ~  = MAXIMUM TRANSVERSE PLY STRESS AT A T  TO YIELD 
MAXIMUM (~j , , , , , /S~,, , )  RATIO 

FIGURE 11. - THERMAL FATIGUE AND CYCLES TO I N I T I A L  CRACKING (FIRST 
PLY I N I T I A L  TRANSVERSE CRACKING). 
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18 

16 

14 

12 

10 

8 

6 

4 

12 

10 

8 

6 

4 

2 

0 

r 0 PREDICTED PLY STRENGTH 
0 80 PERCENT PREDICTED VALUE 
a 65 PERCENT PREDICTED VALUE 
0 50 PERCENT PREDICTED VAUE 
n 1.1 x (PREDICTED VALUE) 
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(A)  ELEVATED TEMPERATURE. T = 175 OF. 

r 

.1 - 2  . 3  .4 .5 .6 .7 .8 .9 1.0 .1 - 2  . 3  .4 .5 .6 .7 .8 .9 1.0 
DEGRADATION COEFF I C  1 ENT , B 

(B) CRYOGENIC TEMPERATURE. T = -250 OF. 

FIGURE 12. - THERMAL CYCLES TO FAILURE, SENSITIVITY TO DEGRADATION COEFFI- 
CIENT B AND TO I N  SITU PLY STRENGTH C0/9031, T300 GRAPHITE FIBER/ 
EPOXY LAMINATE. 
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($)L + (E)L + (z)T + (E)M < I/KT (FOR EACH PLY STRESS) 

FIGURE 13.  - COMBINED HYGROTHERMOHECHANICAL CYCLIC LOADINGS. (KT = STRESS CONCEN- 
TRATI ON FACTOR. 1 
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